RIG-I is a cytosolic sensor of viral RNA, comprised of two N-terminal CARDs followed by helicase and C-terminal regulatory domains (helicase-CTD). Viral RNA binds to the helicase-CTD and "exposes" the CARDs for downstream signaling. The role of the second CARD (CARD2) is essential as RIG-I activation requires dephosphorylation of Thr170 followed by ubiquitination at Lys172. Here, we present the solution structure and dynamics of human RIG-I CARD2. Surprisingly, we find that Thr170 is mostly buried. Parallel studies on the phosphomimetic T170E mutant suggest that the loss of function upon Thr170 phosphorylation is likely associated with changes in the CARD1-CARD2 interface that may prevent Lys172 ubiquitination and/or binding to free K63-linked polyubiquitin. We also demonstrate a strong interaction between CARD2 and the helicase-CTD, and show that mutations at the interface result in constitutive activation of RIG-I. Collectively, our data suggests a close interplay between phosphorylation, ubiquitination, and activation of human RIG-I, all mediated by CARD2.
INTRODUCTION
RIG-I (retinoic acid inducible gene I) is a key protein in the cellular chordates' sentinel system to detect viral infection (Foy et al., 2005; Yoneyama et al., 2004) . The protein contains three characteristic functional domains. The amino terminal part of RIG-I contains two caspase recruitment domains (CARDs) so named for their homology with described CARDs (Qin et al., 1999; Zhou et al., 1999) . In addition, RIG-I contains an internal helicase-translocase domain and a C-terminal regulatory domain (CTD). RIG-I binds to several types of RNAs (Schlee and Hartmann, 2010) ; in particular, to viral RNAs containing double stranded regions with a 5′ end triphosphate group. The binding of RNA switches RIG-I from a passive to an active conformation, wherein the CARDs are "exposed" for interactions with downstream signaling proteins including the adaptor protein MAVS (mitochondrial-associated viral signaling protein), also known as VISA, IPS1, or Cardif (Belgnaoui et al., 2011) . This, in turn, triggers a signaling cascade leading to the production of interferon-β (IFN-β), an important factor in the activation of the antiviral cellular innate immune response. Intriguingly, the expression of the tandem CARDs (CARD12) alone is sufficient for signaling, leading to IFN-β production (Yoneyama et al., 2004) .
A number of RIG-I crystal structures have been reported recently, including the CTDs, the helicase domains, and the helicase-CTD constructs in complex with RNA in a variety of organisms: humans (Jiang et al., 2011; Luo et al., 2011) , mouse (Civril et al., 2011) , and duck (Kowalinski et al., 2011) . Together, these structures show the interplay between the CTD and the helicase domain in binding the 5′ triphosphate group and the double stranded portion of viral RNA, respectively. A crystal structure of full-length duck RIG-I (Kowalinski et al., 2011) in the absence of RNA has also been determined. The structure has revealed RIG-I in the repressed conformation, whereby CARD12 is sequestered by an "insertion" subdomain (Hel2i) within the two RecA-like subdomains (Hel1 and Hel2) of the helicase domain. The binding of RNA is postulated to induce a conformational change in RIG-I that releases CARD12 for downstream signaling (Jiang et al., 2011; Kowalinski et al., 2011; Saito et al., 2007; Takahasi et al., 2008) .
The central role of CARD12 in RIG-I signaling is reflected in its intense regulation. Several proteins bind and modify CARD12, mainly by ubiquitination and phosphorylation. Ubiquitin ligase RNF125, for example, mediates lysine 48-linked polyubiquitination of the second CARD (CARD2), which leads to the degradation of RIG-I by the proteasome (Arimoto et al., 2007) . Other ubiquitin ligases such as the E3 ligases TRIM25 (tripartite containing motif protein 25) (Gack et al., 2007) and REUL (RIG-I E3 ubiquitin ligase) (Gao et al., 2009 ) mediate the polyubiquitination with Lys63-linked polyubiquitin (K63) of CARD2 at Lys172. K63 polyubiquitination is essential for the interaction with MAVS and activation of downstream signaling. Both REUL and TRIM25 mediate the K63-linked polyubiquitination at residue lysine 172 of RIG-I's CARD2, a process that can be reversed by the deubiquitinating enzyme CYLD (Friedman et al., 2008) . The activity of TRIM25 can also be modified by the HOIL-1L/HOIP complex, also known as LUBAC (linear ubiquitin assembly complex). LUBAC suppresses the ubiquitination of RIG-I CARD12 and the subsequent activation by inducing both the degradation of TRIM25 and the inhibition of the interaction of TRIM25 and RIG-I CARD12 (Inn et al., 2011) . In addition, PKC-α and PKC-β phosphorylate the first CARD (CARD1) and CARD2 at the side-chain hydroxyls of serine 8 and threonine 170 respectively Maharaj et al., 2012; Nistal-Villán et al., 2010) . Both phosphorylation events lead to the inhibition of downstream signaling. In uninfected cells, CARD12 is phosphorylated and not ubiquitinated. Dephosphorylation occurs after the induction of RIG-I, by an unidentified phosphatase. Removal of phosphate groups allows TRIM25 binding and ubiquitination, suggesting that the two posttranslational modifications are mutually exclusive. An alternative scenario has been proposed, where CARD12 from both RIG-I and MDA5 are able, in the absence of conjugation, to bind free Lys63-linked polyubiquitin chains produced in situ by TRIM25 and contribute to the activation of downstream events (Jiang et al., 2012; Zeng et al., 2010) .
Altogether, much has been learned about how RIG-I CARD12 is modified and regulated in cells but how these modifications modulate the structure and interactions of CARD12 remains uncertain. Attempts to crystallize human RIG-I CARDs in isolation or as part of larger construct have been unsuccessful. While a full-length duck RIG-I structure has recently being generated, the lack of lysine 172 and threonine 170 residues in this species as compared to humans makes it difficult to interpret the human RIG-I phosphorylation and ubiquitination regulatory events.
We present the structure, dynamics, and interactions of human CARD2 determined by nuclear magnetic resonance (NMR). We also determined the structure of a T170E mutant in which phosphorylation of threonine 170 is mimicked by a threonine to glutamic acid substitution. The structures (WT and T170E) show the possible impact of phosphorylation on CARD2 structure and shed light on the mutually exclusive nature of phosphorylation and ubiquitination. Surprisingly, we find that in the wild-type structure, threonine 170 is not surface-exposed but that conformational exchange is likely to make the side-chain of threonine 170 transiently accessible. Also, a comparison of the structures shows that the T170E mutation modifies the surface of the protein around the mutation site, in particular due to the repulsive interaction with the carboxylate group of glutamic acid 129. However, no structural change is detected around the ammonium group of lysine 172, the site for ubiquitination, which is accessible in both the wild-type and the phosphomimetic mutant. We have also studied an interaction in trans between the CARD2 and the helicase-CTD domains of human RIG-I and identified an interface on CARD2, which is in good agreement with the recently described cis interaction between these domains seen in the structure of duck RIG-I (Kowalinski et al., 2011) . Mutations of key CARD2 amino acids interacting with the helicase-CTD relieve the inhibitory state of full length RIG-I and lead to ligand independent induction of IFN. Based on these observations, we propose a refined model of activation of human RIG-I upon viral RNA binding.
RESULTS

Overall Structure of RIG-I CARD2
We used NMR to solve the structure of the second CARD of human RIG-I (CARD2; residues . The [ 15 N, 1 H] heteronu-clear single quantum coherence (HSQC) spectrum of CARD2 shows a good dispersion and a relative homogeneity of peak intensities (see Figure S1 available online), which indicate that the protein is well folded and not highly dynamic. A uniformly 13 C-and 15 N-labeled sample was employed to carry out the assignment of backbone and side-chain resonances as well as the collection of distance constraints. Figure 1A shows the backbone trace of the ensemble of the 20 lowest energy conformers while Figure 1B presents a ribbon diagram of the structure with lowest energy. The structural model is very precise, with a backbone root mean square deviation (RMSD) of 0.44Å. The overall structure of CARD2 consists of six helices, as typically seen in CARD structures, a group of the death domains (DD) superfamily (Park et al., 2007a) . The first, long alpha helix (h1) goes from Ile97 to Arg117. It is kinked at residue Leu110, and the second part is referred to as helix h1′. The second helix (h2) comprises residues Thr121 to Glu129 but only the core four residues (Ile124 to Leu127) form a canonical alpha helix in all models. Helix 3 (h3) consists of residues Asn133 to Thr145, helix 4 (h4) from Met148 to Arg161, helix 5 (h5) from Asn166 to Glu178, while helix 6 (h6), which is the only 3 10 helix, is much shorter than seen in most CARD structures with only four residues (Phe182 to Leu185). Notably, helix 5 contains amino acid residues Thr170 and Lys172 known to undergo post-translational modification by phosphorylation and ubiquitination, respectively.
The depiction of the surface of CARD2 in Figure 1C shows that the side-chain of Lys172 (purple) is well exposed at a site distant from the Thr170 phosphorylation site (the average distance between the hydroxyl oxygen of Thr170 and the nitrogen epsilon of Lys172 is 11Å). The ammonium group of Lys172 is surrounded by the C-terminal part of the protein with interactions in the ensemble of 20 structures with the backbone and side-chains of residues Glu176, Ser183, Trp186, and Val188. Surprisingly, Thr170 is mostly buried (blue) and its hydroxyl group is not well exposed at the surface, covered by the side-chains of Glu129, Asn166 and Leu173 ( Figure 1D ). The average surface area for Thr170 over the 20 conformers is only 1.4Å2 as calculated by MolMol (Koradi et al., 1996) .
The structures of human and duck CARD2 (PDB code 4A2Q, molecule A) were aligned using the DALI server (Holm and Rosenström, 2010) . The superimposed structures are shown in Figure 2A . The backbone structures of the two CARDs are very similar, with an RMSD of 1.6Å, using 91 residues for alignment. Small translations of helices 1′ and 6 can be observed, which may be due to contacts with the helicase domain in the structure of duck CARD2. The structures of human CARD2 and the CARD of human MAVS (PDB code 2VGQ) were also aligned (see Figure 2B ). These two structures are similar, with an RMSD of 2.3Å, using 89 residues for alignment. The most notable difference is the length of helix h6, which is particularly short in RIG-I CARD2.
Multiple Timescale Dynamics of RIG-I CARD2
The atomic-level understanding of the function of a protein requires the characterization not only of its structure but also of its dynamics (Henzler-Wildman and Kern, 2007) . NMR is a powerful tool to characterize site-specific dynamics in biomolecules over a wide range of timescales (Mittermaier and Kay, 2006; Palmer, 2004) . A full series of 15 N relaxation experiments was carried out to quantify backbone dynamics on sub-nanosecond as well as micro-and millisecond timescales on a uniformly 15 N-labeled sample. Transverse, R 2 and longitudinal, R 1 , relaxation rates were used along with NOEs to determine the features of overall rotational diffusion of CARD2 with the program Rotdif (Fushman et al., 2004) . Rotational diffusion was found to be axially symmetric, with an anisotropy of 1.15 and an average correlation time τ c = 7.15 ns. The value of τ c is higher than expected for a protein of this size. In order to address the possibility of a monomer/dimer equilibrium, transverse relaxation rates were also measured on a low-concentration sample (70 μM compared to 300 μM for all other relaxation measurements). It was found that the low-concentration R 2 rates were, on average 3% lower than in the high-concentration sample. This difference is too small to account for the higher value of τ c and cannot be explained by a monomer/dimer (or monomer/oligomer) equilibrium. A model-free analysis (Lipari and Szabo, 1982) of the transverse, R 2 , longitudinal, R 1 , rates and NOEs was carried out to quantify fast (subnanosecond) internal motions with the program Dynamics (Hall and Fushman, 2006) . Order parameters for fast motions of the backbone NH N vectors were found to be high for most of the protein: between residues 100 and 187, 72% (resp. 97%) of NH N vectors have an order parameter above 0.9 (resp. 0.8). In addition to the C terminus, a few NH N vectors showed order parameters below 0.85: at the center and at the extremities of helix h2, with residues Asp122, Leu127, and Leu131 as well as the loop residues Thr145, Lys146 and Gly147, present between helix h3 and h4 (see Figure S2 ).
The contribution of chemical exchange, R ex to the transverse relaxation rate R 2 was quantified with the method of Kroenke et al. (Kroenke et al., 1998) adapted by Pelupessy et al. (Pelupessy et al., 2007) . Results are shown in Figures 3A and 3B . The high accuracy of our approach allowed for the identification of small contributions of chemical exchange to transverse relaxation R ex , as low as 2 s −1 . Important R ex contributions were found as evidence for conformational exchange in residues from helix h1′, the N-terminus of helix h2, loops h2-h3, and h4-h5, as well as residues from helix h6, which lies close to the ammonium group of Lys172. Dynamic residues in helices h1′ and h6 form a continuous surface. Significant values of R ex were also measured for residues Asn166, Lys169, and Thr170, which shows that, despite being buried in the major conformation of CARD2, the side chain of Thr170 may be solvent exposed in a minor conformation. To test this hypothesis, we used the Phase-Modulated CLEAN chemical EXchange (CLEANEX-PM) experiment (Hwang et al., 1998) to test for chemical exchange of backbone amide protons with water. Results are shown in Figure 3C and S2B. Several residues with high proton exchange contributions belong to the disordered N terminus of the protein. Another amide proton with efficient exchange with water is that of Lys181, which also displays an exceptionally high value of R ex such that fast nitrogen-15 relaxation prevents its accurate quantification. Most importantly, both amide protons of Glu129 and Asn166 show small but significant exchange with water, which supports the existence of an excited state with an open conformation where the hydroxyl of Thr170 is surface exposed to allow phosphorylation by PKC-α and PKC-β.
Effect of Phosphorylation
The inhibitory role of the phosphorylation of threonine 170 in the function of RIG-I prompted us to investigate the conformational changes associated with the modification of this residue. To address this, we expressed a CARD2 mutant where a glutamate residue was introduced at position 170, to mimic the change of charge upon phosphorylation of Thr170. Results are shown in Figures 4, S3, and S4. Overlay of the spectra of wild-type CARD2 and of the T170E mutant reveals significant chemical shift changes ( Figure 4A ). Backbone and side-chain assignments were obtained from triple-resonance experiments measured at 800 and 600 MHz, respectively. Changes in the structure were elucidated from the chemical shift perturbations of the peptide plane nuclei ( 15 N, 1 H N , and 13 CO) (see Figure S4A ) and were found to be limited to helices h2 and h5. In order to characterize the nature of these changes, we determined the structure of the T170E mutant of human CARD2 (see Table 1 and Figures S3A-S3D ). The lowest energy models of the structure ensembles of the wild-type and mutant proteins were aligned and are shown in Figure 4B . The two structures are remarkably similar, with a RMSD of 1.3Å, using 94 residues for alignment. The changes between these structures are limited and, in most cases, likely comparable to their accuracies. A small translation of the h2-h5 helices can be observed, as well as a tilt of the N terminus of helix 1. This slight change in the N terminus of helix 1 is likely due to the small number of NOE restraints available for the structure calculations of the mutant compared to WT CARD2 (see Table 1 ). The small structural changes in helix h2 are likely transmitted to helix h5 through the strong repulsive interaction between the carboxylate groups of Glu129 in h2 and Glu170 in h5, as can be seen in the significantly different orientations of the sidechain of Glu129 in the two structures ( Figure 4C ). The surface electrostatics of wild-type and mutant CARD2 are shown in Figures 4D and 4E , with the same orientation as in Figure 4B . As expected, the main difference is a larger, negativelycharged surface around residues E129 and E170 in the mutant domain. Changes in dynamics upon the T170E mutation were evaluated from 15 N-{ 1 H} nuclear Overhauser effects for sub-ns motions and cross-correlated chemical shift modulation measurements with the method of Kloiber and Konrat (2000) for μs-ms timescales (see Figures S3E and S3F ). Changes are limited both on sub-nanosecond and micro-millisecond timescales. In particular, the region around Glu129 is not disordered in the phosphomimetic mutant protein. Although previous studies have demonstrated the absence of ubiquitin conjugation at Lys172 when Thr170 is phosphorylated, we did not observe significant chemical shift perturbations around the side-chain ammonium of Lys172. Therefore, the structural role of phosphorylation is likely to be the alteration of an interaction surface that overlaps with helices h2 and h5, vide infra. To test this hypothesis, we designed a series of single and double mutants that would modulate the key Glu170-Glu129 repulsion.
We generated a battery of Glu129 mutants in a mammalian expression vector containing WT or T170E RIG-I GST-CARD12. CARD12, lacking the repressing helicase-CTD domain, is known to constitutively induce IFN-β expression, and the T170E phosphomimetic mutation has previously been shown to reduce this induction by reducing K172 ubiquitination . Briefly, we mutated Glu129 to valine, alanine, or glutamine. We analyzed the ability of the different constructs to induce IFN-β reporter activity using a reporter assay (see Figure 5) . Differences between WT and T170E GST-CARD12 constructs to induce IFN-β reporter activity were significant (p < 0.001) but not large (about 2-fold). Importantly, we were able to recover some WT phenotype in some of the 170E mutants. In particular, the T170E-E129A mutant was able to moderately increase IFN-β promoter activity in the context of the 170E mutation, while the same amino acid change, E129A, did not have a significant effect in the absence of T170E mutation. Mutation of Glu129 to valine in both E129V and T170E-E129V contexts showed a small but consistent negative effect on the ability to induce IFN-β. Similarly, a mutant with larger side-chains T170E-E129Q did not show any enhancement to the T170E phenotype in their ability to induce the IFN-β promoter despite similar protein levels ( Figure 5B ). Taken together, the mutational data supports the idea that E129 constrains the E170 side-chain and that the repulsion can be partially overcome by reducing amino acid size and/or removing the negative charge at position 129.
Interaction between RIG-I CARD2 and Helicase-CTD
The structure of the helicase and CTD domains of human RIG-I (helicase-CTD) bound to dsRNA (PDB: 3TMI and 2YKG) shows a closed conformation in which the helicase and CTD domains curl around the dsRNA (Jiang et al., 2011; Luo et al., 2011) . In addition, SAXS data on full-length RIG-I in complex with RNA (Jiang et al., 2011) suggest that CARD12 is well exposed and available for intermolecular interactions. In the absence of RNA, CARD12 is sequestered by the helicase-CTD region of RIG-I. This interaction has been observed in the crystal structure of duck RIG-I (Kowalinski et al., 2011) . In particular, CARD2 interacts with the insertion domain Hel2i in the crystal environment. In order to confirm this observation and its occurrence in solution, in trans, we investigated the interactions of CARD2 and helicase-CTD by monitoring the NMR signals of CARD2 in a titration with helicase-CTD (residues 230-925). A series of 15 N-1 H HSQC spectra of CARD2 (concentration 50 μM) were recorded with 0 to 1.7 equivalents of helicase-CTD. Figure 6A compares the HSQC spectra of CARD2 with 0 (apo) and 1 equivalent of helicase-CTD. Upon binding, there was no evidence of any chemical shift perturbation, however almost all peaks decrease in intensity, which suggests that the CARD2:helicase-CTD interaction is in the slow exchange regime. Upon binding to helicase-CTD, the effective molecular mass of CARD2 becomes about 90 kDa. Thus, even if a fraction of CARD2 is bound, transverse relaxation rates increase significantly, leading to reduced sensitivity of HSQC experiments. In addition to this effect, which is unambiguous evidence of interaction between the two proteins, slow exchange leads to additional reduction of the intensities of signals of most residues of CARD2 at the interface with helicase-CTD (those with different chemical shifts in the apo and holo forms; see for example the signal of Met149 in Figure  6B ). The residues with the largest decrease in signal were identified and plotted onto the surface of CARD2 in Figure 6D . Most signals identified belong to residues from the N terminus of helix h1, helix h1′, loop h1′-h2, the N-and C termini of helix 3, the N terminus of helix h4, the C terminus of h5, and helix h6 as well as the C terminus of the domain and together they delineate a mostly continuous surface. This surface corresponds very well to the one identified in the crystal structure of duck RIG-I as interacting in cis with the Hel2i domain. As noted in the description of the structure of duck RIG-I (Kowalinski et al., 2011) , the ammonium group of Lys172 in human RIG-I is likely in close contact with this interface. The global analysis of the decay of intensity upon binding of a group of peaks that belong to the interface, neglecting the effect of intermediate chemical exchange on relaxation rates, provides a dissociation constant in the low micromolar range (K d = 1.66 ± 1.3 μM, see Figure 6C ), which confirms the presence of a tight interaction for these domains of RIG-I in trans, likely reflecting their interactions in cis when in the context of full length RIG-I.
Mutations in CARD2 at the CARD2:Helicase Interface Render RIG-I Constitutively Active
In current models of RIG-I function, the CARDs are held in an inactive state by interaction with the helicase insertion domain and activation comes from the de-repression of CARDs in the presence of an activating RNA ligand. To study the functional significance of the structural data presented in this study and also in the recently published study (Kowalinski et al., 2011) on the interaction of CARD domains with the helicase domain, a series of alanine point mutations were generated in the CARD2 domain of full length (FL) RIG-I and CARD12. Mutations that disrupt the interaction between CARD2 and helicase insertion domain can be expected to dissociate the CARDs from the helicase, allowing interaction with TRIM25 and MAVS for downstream signaling, resulting in IFN-β induction. Residues R109, E113, R117, and L185 were selected from our mapped surface on CARD2 and their proximity to the helicase insertion domain. As previously shown (Nistal-Villán et al., 2010), overexpression of full length RIG-I induces minimal interferon production, while the Nterminal CARDs, when expressed alone, stimulate very high levels of interferon production, due to the absence of the inhibitory helicase domain. Although, point mutants of FL RIG-I, R109A, and L185A did not express as well as wild-type (WT) RIG-I, their expression induced significantly enhanced IFN-β promoter activity, suggesting de-repression of the CARDs ( Figure 7A ). The E113A-R117A mutant, however, did not display any constitutive activity. The non-interface mutation T145A was used as a negative control, which also did not show any enhancement in interferon promoter activity compared to WT RIG-I.
As expected, WT CARD12 showed increased IFN-β reporter activity induction compared to FL WT RIG-I, but the levels did not change with the CARD12 R109A and E113A-R117A, even though the expression level of CARD12 R109A was lower than CARD12 WT. This suggests that these mutations did not affect the ability of the CARDs to activate downstream signaling ( Figure 7B ). Although there was a significant decrease in the induction level of IFN-β reporter activity by CARD12 L185A when compared to CARD12 WT or CARD12 R109A, its poor protein expression levels may partly explain its reduction in interferon promoter induction. The CARD12 T145A also showed a reduction in interferon activation; however, it was not a statistically significant result when compared to CARD12 WT. Figure 7C ). Both L185A and R109A mutations enhanced interferon promoter activation up to 10-fold as compared with WT RIG-I ( Figure 7C ). However, the mean de-repression values for both are similar when corrected for the apparent defect in L185A to activate interferon efficiently. In order to see if there is any cumulative effect of the two constitutive active mutants R109A and L185A, a double mutant R109A-L185A was constructed and a protein dose experiment was performed to study interferon activation. The double mutant did not show any enhanced interferon activation compared to the single mutant R109A, which suggests no increased disruption of the interaction between CARD2 and Hel2i by the L185A mutation in the context of the R109A mutation ( Figure 7D ).
De-repression of CARDs of each mutant was normalized by calculating the ratio of interferon induction (RLU) of FL to CARD12 RIG-I (
DISCUSSION
Here, we show that the structure of human RIG-I CARD2 is very similar to the structures of the CARDs of both MAVS (Potter et al., 2008) and Apaf-1 (Qin et al., 1999; Zhou et al., 1999) . The main difference, like in duck RIG-I, lies in a very short helix h6 in CARD2, with the C-terminal part of CARD2 curled around the ammonium group of Lys172 (absent in the crystal structure of duck RIG-I), the site of ubiquitination by TRIM25. This defines a very specific surface for the ubiquitination site in CARD2 of human RIG-I. In contrast, it is unclear whether duck RIG-I is similarly polyubiquitinated since in birds (duck, goose or finch) and mouse RIG-I, Lys172 is substituted by a glutamine. Note that both Lys172 and the C terminus of human CARD2 (in particular residues 187-188) are also essential for interaction with unanchored polyubiquitin chains (Jiang et al., 2012) .
The sequence alignments of the CARDs of RIG-I across species are shown in Figure 8A . Several regions of CARD2 are highly conserved across species, in particular residues in helices h4, h5 as well as in loop h4-h5, which lies at the core of a highly conserved surface area (see Figure 8B ) that comprises the interaction surface with CARD1, as demonstrated on the crystal structure of duck RIG-I, see Figure 8B . Interestingly, this conserved surface is broader than the interface with CARD1, expanding in particular along most of helix h4, and is contiguous to another conserved surface constituted by the second and third helices of CARD1. Together, these regions form a deep groove, which could open up to accommodate a downstream binding partner. We also note that the interface with CARD1 is also the locus of significant conformational exchange ( Figure S4C ), revealing a conformational flexibility in the free form of CARD2 that likely facilitates the binding of CARD1 (and possibly downstream cofactors).
Phosphorylation and Ubiquitination
Surprisingly, Thr170, the site of phosphorylation, is mostly buried in the structure of CARD2, such that its hydroxyl group is not exposed to the surface in the dominant conformation in solution. The side-chain of Thr170 is occluded by the side-chains of Glu129, Asn166, and Leu173 (see Figure 1D) . However, our site-specific studies of microand millisecond dynamics in CARD2 show that this region of the protein and, in particular, the backbone NH N groups of Asn166 and Thr170 are prone to conformational exchange ( Figures 3A and 3B ). This exchange likely leads to sampling an excited state with an open conformation around Thr170, as confirmed by the detection of enhanced chemical exchange for the amide protons of Glu129 and Asn166 with water (see Figures 3C and S2B ) compared to most residues from other parts of the protein.
In spite of their proximity in the amino-acid sequence, the sidechains of Thr170 and Lys172 are distant (~ 11Å apart) and point toward different sides of CARD2. A direct interaction between the phosphate group of pThr170 and the ammonium group of Lys172 cannot thus account for the reported absence of ubiquitination in phosphorylated CARD2 . However, the determination of chemical shift perturbations upon the phosphomimetic mutation T170E shows that the addition of a negatively charged group at the side-chain of residue 170 leads to an alteration of the surface of CARD2 at helices h2 and h5, and that the perturbed surface overlaps with the interface with CARD1 (see Figure S4B ). Both steric interactions with the side-chain of phosphorylated Thr170, and the electrostatic repulsion with the carboxylate of Glu129 are likely key in the propagation of chemical shift changes. The presence of a bulky phosphate group will likely enhance this structural modification and further deteriorate the CARD1-CARD2 interaction.
The interaction of TRIM25 with CARD1 has been shown to be essential for the ubiquitination of CARD2 at residue Lys172. The T55I mutation in CARD1, for example, suppresses both the interaction between CARD12 and TRIM25 and the ubiquitination of CARD2 (Gack et al., 2008) . The modification of the CARD1-CARD2 interaction by Thr170 phosphorylation may alter the relative orientation of CARD1 and CARD2 for proper ubiquitination of CARD2 by TRIM25. Our measurements of IFN-β promoter activation in human cells transfected with mutants of the tandem CARD12 provides partial support to this hypothesis. Thus, whereas overexpression of the T170E phosphomimetic tandem CARD12 in 293T cells leads to an ~50% reduction in the ability to induce IFN-β compared to the WT CARD12, the E129A mutation restores the response to about 63% of WT. By contrast, mutations to amino acids with a side-chain of similar size to glutamate (E129Q) have very limited impact.
Recently, it has been suggested that ubiquitin conjugation of Lys172 might not be essential for human RIG-I activation. Rather, RIG-I CARD12 binds to unconjugated K63-linked polyubiquitin, and this results in RIG-I activation (Zeng et al., 2010) . A following study, showed that mutations in CARD2 at the interface with CARD1 (E135A and K164A) could reduce or suppress binding to polyubiquitin (Jiang et al., 2012) . The structural changes associated with Thr170 phosphorylation alter the same part of the interface with CARD1 and are also likely to reduce the ability of CARD12 to bind unanchored K63 polyubiquitin.
RIG-I Activation
In all current models of the function of RIG-I Jiang et al., 2011; Luo et al., 2011; Saito et al., 2007; Kowalinski et al., 2011) CARD12 is sequestered in an inactive, previral RNA binding state. CARD12 is believed to become exposed and available for interactions and signaling in the active, RNA bound form. The structure of RIG-IΔCTD (Kowalinski et al., 2011) shows that the interaction of CARD2 with the insertion domain Hel2i of the helicase domain likely locks RIG-I in its inactive state. Here, we show (see Figure 6 ) that there is a direct interaction between CARD2 and helicase-CTD that can be detected in trans in solution. As such, we anticipate even stronger binding in the full-length protein where the CARD2 and the helicase-CTD are in cis. Interestingly, as can be seen in Figure 8B , this interface is not very conserved across species, although two of the four highly conserved hydrophobic residues with solvent-exposed side-chains (Ala150 and Leu185) participate in the interaction. Notably, the interface of CARD2 with helicase-CTD does not overlap with the area perturbed by the T170E mutation. This suggests that Thr170 phosphorylation should not alter the interaction of CARD2 with helicase-CTD, but may affect the interaction with TRIM25 (and possibly REUL) that is required for RIG-I ubiquitination and full activation. Interestingly, residue Ser183, which is the locus of the single-nucleotide polymorphism (SNP) giving rise to S183I (Pothlichet et al., 2009; Shigemoto et al., 2009) , is located at the CARD2:helicase-CTD interface and may thus alter the interaction of CARD12 and helicase-CTD. Also, the surface identified in our titration is larger than the interface in the crystal structure of duck RIG-I. As can be seen in Figure 9A , the region of CARD2 facing helix α28 of the Hel2 domain is also perturbed by the interaction with helicase-CTD. This could be because of the existence of a broader interface in human RIG-I. Alternatively, binding of CARD2 to Hel2i could lead to a broad conformational transition extending beyond the interface to the region facing helix α28.
As observed in the structure of duck RIG-I, the residue equivalent to Lys172 is in proximity to the binding interface with helicase-CTD (Figure 9 ). This proximity has two important consequences. First, the ubiquitination site is unlikely to be accessible in the inactive state of the protein. Second, the presence of a polyubiquitin chain bonded to the interface with the helicase-CTD would likely hinder this interaction. Therefore, in addition to its function for signaling (Gack et al., 2007) , ubiquitination may be a mechanism to lock RIG-I in the active state preventing binding to helicase-CTD, where CARD12 would be exposed beyond the typical timescale of RNA binding. The CARD2:helicase-CTD interface is also characterized by a high level of conformational exchange (Figures 3 and 9B ). This conformational flexibility may be a mechanism to adapt locally to more than one binding partner, which supports the hypothesis that CARD2 commits the same surface to the interactions with the helicase-CTD and polyubiquitin, covalently or noncovalently bound (Zeng et al., 2010) . Polyubiquitination of CARD2 may promote the formation of oligomeric RIG-I structures (Jiang et al., 2012) , possibly in conjunction with MAVS CARD, in analogy to structures formed by CARDs and other members of the death domain family such as the apoptosome (Shi, 2002) , the Piddosome (Park et al., 2007b) , or the Myddosome (Lin et al., 2010) . Following ATP hydrolysis, RIG-I may translocate along the dsRNA (Myong et al., 2009) and leave the end accessible for another RIG-I molecule. The resulting accumulation of RIG-I oligomers onto dsRNA may provide the high local concentration for interaction with MAVS clusters on the mitochondria ( Figure S5 ) as a step to induce IFN-β transcription.
EXPERIMENTAL PROCEDURES
A detailed description of plasmid construction, mutagenesis, western blotting and protein purification is described in Supplemental Information and Table S1 . Dual-Luciferase Reporter (DLR) Assay (Promega) was performed following manufacturer instructions (details of assays and statistical analysis are also described in detail in the Supplemental Information). A group of reporter assays experiments were performed in a stable HEK293T cell line carrying an IFN-β promoter-driven firefly luciferase gene (Rodriguez-Madoz et al., 2010) .
NMR Experiments
A detailed description of all NMR experiments and structure calculation is described in the Supplemental Information. Unless otherwise mentioned (see Supplemental Information), the concentration of both WT and T170E mutant of CARD2 in NMR samples was 300 μM. A series of double-and triple-resonance three-dimensional experiment was carried out to obtain backbone and sidechain assignments (Sattler et al., 1999) of WT and T170E CARD2. Aromatic side-chain resonances were assigned with (HB)CB(CGCD) HD; (HB)CB(CGCDCE)HE (Yamazaki et al., 1993) and aromatic 1 H-13 C NOESY-HSQC experiments. Distance constraints were obtained from aliphatic 1 H-13 C NOESY-HSQC, aromatic 1 H-13 C NOESY-HSQC and 1 H-15 N NOESY-HSQC. Dihedral angle constraints were derived from backbone chemical shifts using the program TALOS+ (Shen et al., 2009) .
A full series of 15 N relaxation experiments was carried out on a uniformly 15 N-labeled sample to quantify backbone dynamics on sub-nanosecond as well as micro-and millisecond timescales (Kroenke et al., 1998) . The following rates were measured on a uniformly 15 N-labeled sample at 600 MHz: longitudinal and transverse relaxation rates; longitudinal (R L (N/NH) (Pelupessy et al., 2007) and transverse R T (N/NH) (Pelupessy et al., 2003) cross-correlated relaxation rates. 15 N-{ 1 H} nuclear Overhauser effects were measured at 500 and 600 MHz (Ferrage et al., 2008 (Ferrage et al., , 2009 (Ferrage et al., , 2010 . To identify the fingerprint of conformational exchange, a full analysis of backbone 15 N auto-and cross-correlated relaxation was carried out following the method of Kroenke et al. (Kroenke et al., 1998) . Chemical exchange of amide protons with water was explored with the CLEANEX-PM scheme with a fast HSQC detection (Hwang et al., 1998) .
The interaction of CARD2 and helicase-CTD was studied by recording a series of HSQC spectra with increasing concentration of unlabeled helicase-CTD into 15 N-13 C-labeled CARD2. All spectra were processed with NMRPipe (Delaglio et al., 1995) and analyzed using NMRView (Johnson and Blevins, 1994) .
Structure Calculation
Structure calculation was carried out with partially assigned NOEs, dihedral and hydrogenbonding constraints using the program ARIA/CNS (Linge et al., 2003) . Structure refinement was performed using a protocol described in detail previously (Linge et al., 2003 ). The structural ensemble was then analyzed with PROCHECK-NMR (Laskowski et al., 1996) . The secondary structure regions were defined using DSSP (Joosten et al., 2011; Kabsch and Sander, 1983) .
All protein sequence alignments were carried out with ClustalW2 (Larkin et al., 2007) . The structures of human CARD2 with duck CARD2 and the CARD of MAVS were aligned with the use of the DALI server (Holm and Rosenström, 2010) .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The remainder of the protein is shown as a surface plot. Thr170 is not exposed at the surface. The side-chain ammonium group of Lys172 is surface accessible. Figures were generated with Pymol (http://www.pymol.org; Schrodinger, 2012) . See also the NMR spectrum of wt CARD2 in Figure S1 . (B) A one-dimensional slice at 118.8 ppm in the 15 N dimension (dashed line) is shown with an additional spectrum in green for half an equivalent of unlabeled helicase-CTD. All peaks are attenuated upon the addition of helicase-CTD but the effect is more pronounced for some peaks, such as the correlation for Met149, corresponding to residues at the interface. (C) The evolution of normalized peak intensities upon titration were used to fit the dissociation constant K d . A global fit on the data obtained for four NH N pairs of residues located at the interface is shown here. (D) Residues in CARD2 with the strongest attenuation are shown in red onto the surface of CARD2. For reference, the ammonium group of Lys172 is depicted in purple. Proline residues, for which no signal can be detected are rendered in black. (A)The color coding reflects sequence conservation. Secondary structure elements are shown in gray for CARD1 with helices numbers corresponding to the structure of duck CARD12, while we used the same color coding as in Figure 1 for CARD2. Triangles are used to identify residues Glu129, Thr170 and Lys172. The figure was prepared with Jalview (Waterhouse et al., 2009) . (B and C) The structure of human CARD2 was aligned to CARD2 from the duck RIG-IΔCTD crystal structure (PDB code 4A2Q, molecule A). (B) Representation of the conservation of surface residues in CARD12. The color coding is identical as in (A) for CARD2 and similar, in shades of red for CARD1. (C) Surface electrostatics of human CARD2 and a model of CARD1 based on the structure of duck CARD1. See additional representations in Figure S4 . (A and B) The structure of human CARD2 was aligned to duck CARD2 in the structure of duck RIG-IΔCTD (PDB code 4A2Q). Part of the helicase domain is depicted in blue in both a ribbon representation and a transparent rendition of its surface. Helix α28 in the Hel2 domain is indicated in (A). (A) Surface of human CARD2 corresponding to the interface identified in the titration experiment (see Figure 6 ) is represented in red. (B) The residues presenting a contribution of micro-millisecond chemical exchange to relaxation, R ex are depicted on a ribbon representation of CARD2 in the same alignment as in (A). The color coding is the following: R ex > 3 s −1 (red); 3 > R ex > 2 s −1 (orange); Lys181, shown in brown, displays a large value of R ex that was not quantified. Ribbon representation of human CARD2. A full model for RIG-I activation is shown in Figure S5 .
